Abstract-This study summarizes and compares estimates of radiation absorbed dose to the thyroid gland for typical patients who underwent diagnostic radiology examinations in the years from 1930 to 2010. The authors estimated the thyroid dose for common examinations, including radiography, mammography, dental radiography, fluoroscopy, nuclear medicine, and computed tomography (CT). For the most part, a clear downward trend in thyroid dose over time for each procedure was observed. Historically, the highest thyroid doses came from the nuclear medicine thyroid scans in the 1960s (630 mGy), full-mouth series dental radiography (390 mGy) in the early years of the use of x rays in dentistry (1930s), and the barium swallow (esophagram) fluoroscopic exam also in the 1930s (140 mGy). Thyroid uptake nuclear medicine examinations and pancreatic scans also gave relatively high doses to the thyroid (64 mGy and 21 mGy, respectively, in the 1960s). In the 21st century, the highest thyroid doses still result from nuclear medicine thyroid scans (130 mGy), but high thyroid doses are also associated with chest/abdomen/pelvis CT scans (18 and 19 mGy for males and females, respectively). Thyroid doses from CT scans did not exhibit the same downward trend as observed for other examinations. The largest thyroid doses from conventional radiography came from cervical spine and skull examinations. Thyroid doses from mammography (which began in the 1960s) were generally a fraction of 1 mGy. The highest average doses to the thyroid from mammography were about 0.42 mGy, with modestly larger doses associated with imaging of breasts with large compressed thicknesses. Thyroid doses from dental radiographic procedures have decreased markedly throughout the decades, from an average of 390 mGy for a full-mouth series in the 1930s to an average of 0.31 mGy today. Upper GI series fluoroscopy examinations resulted in up to two orders of magnitude lower thyroid doses than the barium swallow. There are considerable uncertainties associated with the presented doses, particularly for characterizing exposures of individual identified patients. Nonetheless, the tabulations provide the only comprehensive report on the estimation of typical radiation doses to the thyroid gland from medical diagnostic procedures over eight decades . These data can serve as a resource for epidemiologic studies that evaluate the late health effects of radiation exposure associated with diagnostic radiologic examinations. Health Phys. 113(6): 458-473; 2017 Key words: computed tomography; mammography; medical radiation; nuclear medicine INTRODUCTION RADIATION HAS been known to share a causal relationship with thyroid cancer for over half a century (National Council on Radiation Protection and Measurements 2009). In the context of radiation health risk studies and radiation protection, the thyroid is a particularly critical organ due to its susceptibility to develop cancer following exposure in younger individuals. According to the American Thyroid Association, the thyroid is "among the most susceptible sites to radiationinduced cancer" (American Thyroid Association 2013). Recognition that some thyroid cancers are associated with ionizing radiation exposure is based on many studies, including those of atomic bomb survivors (Prentice et al. 1982; Ron et al. 1995) and of persons exposed to moderate-to high dose radiation therapy during childhood (Ron and Modan 1980; Ron et al. 1987) . The association of low-dose radiation exposure (e.g., from diagnostic medical imaging procedures that involve radiation and other low-dose exposures) and thyroid cancer risk has not been as well-studied.
INTRODUCTION
RADIATION HAS been known to share a causal relationship with thyroid cancer for over half a century (National Council on Radiation Protection and Measurements 2009). In the context of radiation health risk studies and radiation protection, the thyroid is a particularly critical organ due to its susceptibility to develop cancer following exposure in younger individuals. According to the American Thyroid Association, the thyroid is "among the most susceptible sites to radiationinduced cancer" (American Thyroid Association 2013). Recognition that some thyroid cancers are associated with ionizing radiation exposure is based on many studies, including those of atomic bomb survivors (Prentice et al. 1982; Ron et al. 1995) and of persons exposed to moderate-to high dose radiation therapy during childhood (Ron and Modan 1980; Ron et al. 1987) . The association of low-dose radiation exposure (e.g., from diagnostic medical imaging procedures that involve radiation and other low-dose exposures) and thyroid cancer risk has not been as well-studied.
Since the discovery of x rays in the early 1900s, numerous radiographic and fluoroscopic diagnostic imaging examinations, using either external irradiation from x rays, internal emitters in the form of radionuclides, or a combination, have been developed. Use of administered internal emitters for nuclear medicine diagnostic imaging and mammographic screening examinations began to be used extensively in the 1960s. In the late 1970s, advances in computer processing capability allowed the development of computed tomography (CT). During the early decades of the twentieth century, when the practice of radiology grew rapidly, radiation risks were not well characterized or understood and, in some cases, both patients and medical personnel were exposed to harmful and sometimes fatal amounts of radiation. As the potential for radiation-induced carcinogenesis was appreciated, various means were used to reduce exposures to patients and medical radiation workers while maintaining or improving diagnostic information. These changes in technology included an increase in x-ray film speed and improvements in screens for screen-film radiography. At the same time, however, more complex procedures were developed that potentially increased individual exposure. These included CT and complex fluoroscopically-guided interventions (Miller et al. 2003; Linet et al. 2012) . With the increased use of these new procedures in recent years, the average annual effective dose per person from medical procedures has increased from 0.5 mSv to 3 mSv between 1980 and 2006 (National Council on Radiation Protection and Measurements 1987 .
Increasing rates of thyroid cancer have gained national and international attention in recent years. According to the National Cancer Institute, thyroid cancer is the ninth most common cancer in the United States (National Cancer Institute 2014); its incidence is the most rapidly increasing of all cancers (Ryerson et al. 2016) . Since the early 1970s, there has been a 2.4-to 2.9-fold increase in thyroid cancer incidence in the U.S. (Davies and Welch 2014) . The rate in women saw a greater increase in incidence, over four times that of the rate in men (National Cancer Institute 2014) . Incidence of thyroid cancer globally has also risen since 1960 (La Vecchia et al. 2015) . Recent reports attribute the change mainly to increased surveillance and detection capability (Franceschi and Vaccarella 2015; Vaccarella et al. 2016 ; National Council on Radiation Protection and Measurements 2008), though temporal changes in known and suspected risk factors (e.g., radiation from medical sources, exposures to radioactive fallout, increasing body mass index, and lifestyle factors) may also contribute to the increasing incidence (Kitahara and Sosa 2016; Sinnott et al. 2010) . To clarify the role of diagnostic radiological procedures, dose estimates of radiation doses to the thyroid gland are needed that can be applied in epidemiologic studies to evaluate the impact of medical radiation exposure on thyroid cancer risk and estimate the proportion of thyroid cancers attributable to medical radiation exposure versus other risk factors.
MATERIALS AND METHODS
The authors used several approaches to estimate thyroid doses for patients who underwent diagnostic medical procedures involving radiation during 1930 to 2010 in order to account for differences in available data. Methods applied to the data for each of the imaging modalities (conventional radiography, mammography, dental x ray, fluoroscopy, CT, and nuclear medicine) are discussed in the following sections.
Conventional radiography
The authors evaluated 16 commonly performed radiographic examinations: skull, paranasal/sinuses, neck, cervical spine, clavicle, shoulder, chest, ribs, thoracic-cervical spine, thoracic spine, thoracic-lumbar spine, abdomen, sacrum, pelvis, lumbar spine, and lumbosacral spine. Doses to the thyroid for all radiographic exams, except the clavicle and shoulder exams during 1930-2010, were taken from a comprehensive dose reconstruction study of diagnostic medical radiography recently published (Melo et al. 2016) . Following a comprehensive literature search, Melo et al. (2016) estimated thyroid doses from the most common radiographic examinations conducted between 1930 and 2010 by abstracting machine parameters from data provided in training textbooks for radiologic technologists and using those data to calculate typical doses. Use of training textbooks published in different periods enabled one to account for temporal trends in x-ray tube potential (kVp), tube current (mA), and exposure time. Those parameters are associated directly with organ doses (Parry et al. 1999) . The number and type of projections, tube potential (kVp), current-time product (mAs), and field size were adopted from the same radiological positioning textbook series (Bontrager 1993 (Bontrager , 1997 (Bontrager , 2001 Clark 1939 Clark , 1949 Clark , 1956 Clark , 1967 Clark and McInnes 1973; Clark et al. 1986 ). Temporal trends in beam filtration were derived from Simon (2011) . Melo et al. (2016) computed thyroid doses using these abstracted data and PCXMC 2.0 software [Radiation and Nuclear Safety Authority (STUK), Helsinki, Finland] (Tapiovaara et al. 2008) , which allows simulation of organ doses based on known or assumed values for tube potential (kVp), current-time product (mAs), field size, patient locations, and beam filtration. The dose calculations were conducted for a reference adult phantom with a height of 178.6 cm (70.31 inches) and weight of 73.2 kg (161 pounds).
Clavicle and shoulder examinations were not included in the 2016 publication of Melo et al. In this work, the authors replicated that paper's methodology to compute doses for these two additional examination types.
Mammography
Although research on the use of radiography for diagnosing diseases of the breast began in the 1930s, the technique was not commonly used in medicine until the 1960s (Gold et al. 1990 ). Thyroid doses from mammography were calculated from 1960 to 2010, and those results are presented here by decade. Incident air kerma values to the breast during mammography must increase with increasing compressed breast thickness in order to achieve adequate image quality and diagnostic information. Incident air kerma is one of the important technical parameters for organ dosimetry in mammography. Air kerma values were adapted from a previous study of fibroglandular tissue dose from mammography (Thierry-Chef et al. 2012) . The thyroid gland is not directly exposed during mammographic examinations, though it can receive scatter dose. Chetlen et al. (2016) reported that the average skin doses over the right and left thyroid lobes from scattered radiation were 3.8% and 3.7%, respectively, of the average entrance skin doses to the breast during a routine screening mammographic examination. Whelan et al. (1999) conservatively estimated that the dose to the thyroid gland might be 10% of the skin dose that overlays the thyroid. Hence, it was assumed that the dose to the thyroid gland from mammography would be about 0.375% of the entrance skin dose to the breast as shown in eqn (1):
where D(thyroid) is the radiation absorbed dose to the thyroid gland, K is incident air kerma over the breast during mammography, d is the conversion coefficient from skin dose to thyroid dose of 0.1, s is the conversion coefficient (0.0375) from K to skin dose, and n is number of projections, commonly two (mediolateral and craniocaudal) per breast (Thierry-Chef et al. 2012 ). Dose to the thyroid gland from mammography was estimated for compressed breast thicknesses of 3, 5, and 8 cm.
Dental x ray
Using PubMed, the authors conducted a comprehensive literature search on dose to the thyroid received from full mouth series (FMX) and dental bitewing examinations in the years 1930-2010. Because panoramic x rays were not performed commonly until the early 1960s (Hallikainen 1996) , this literature search was focused on identifying publications that reported thyroid dose for that exam type beginning in 1960. Some literature on doses from dental radiography did not specify the type of dental examination; in those cases, the authors assumed the reported thyroid doses were from FMX examinations due to the data's similarity to other existing FMX data. Median and mean thyroid doses were obtained by decade from the data obtained in the literature review.
Some publications in the 1950s, 1960s and 1970s on exposures from dental examination reported thyroid dose in roentgen (R), specifying it as an organ dose despite the definition of R as a measure of ionization in air. Estimates of thyroid dose from dental examinations reported in R were converted to mGy for consistency using one of two conversion methods used previously (Baily 1957; Weissman and Longhurst, 1972; Richards and Webber 1964; Kuba and Beck 1968; Alcox and Jameson 1974; Hudson and Kumpula 1955; Richards and Colquitt 1981) . Studies that placed dosimeters within a phantom or cadaver implicitly included consideration of the attenuation of overlying tissue. In that case, the exposure in R was multiplied by the conversion factor of 0.87 rad R −1 to derive absorbed dose in rad from exposure in R (Webster 2014) and by 1.07, the ratio of energy attenuation coefficient for tissue to that of air, m en =r tissue m en =r air , to account for the fact that the dosimeters were calibrated for exposure in free air. The ratio of attenuation coefficients was determined from the National Institute of Standards and Technology X-ray Mass Attenuation Coefficient Database (National Institute of Standards and Technology 2004) under the assumptions that the tissue was similar to the ICRU Report 44 soft tissue description (International Commission on Radiation Units and Measurements 1989), and the average x-ray energy was 30 keV (Schulman 2006) . The dose in rad was then converted to mGy by the conversion factor 10 mGy rad −1 :
where D is thyroid dose (mGy), R is thyroid dose (R), c is the conversion coefficient from R to rads, (0.87 rad R −1
), and d is the ratio of mass energy attenuation coefficient of tissue to air, 1.07.
For those studies reporting thyroid dose from dental examinations in R but that placed dosimeters externally to the body, the exposure was converted to absorbed dose by three steps: (1) conversion of exposure in air (R) to rad with the conversion factor (Webster 2014) of 0.87 rad R −1 , (2) accounting for backscatter, and (3) accounting for attenuation of the overlying tissue. The second step (i.e., accounting for backscatter) used a numerical factor of 1.3, typical of energies used in diagnostic medicine (Shimizu et al. 2001) . The mass attenuation factor, 0.283, was derived from eqn (3) using the National Institute of Standards and Technology X-ray Mass Attenuation Coefficient Database (National Institute of Standards and Technolgy 2004) under the assumption that the tissue was the soft tissue defined in ICRU Report 44 (1989) :
where i is mass attenuation factor, I o is the initial radiation intensity, m en /rtissue is the mass energy absorption coefficient for soft tissue, r tissue is the mass density of soft tissue, and l is the depth of the thyroid gland from the skin surface (3.9 cm ±1.6 cm) (Shultz and Rollo 1970) .
The steps are summarized in eqn (4):
where D is thyroid dose (mGy), R is thyroid dose (R), c is the conversion coefficient from R to rad (0.87 rad R −1
), b is the backscatter factor = 1.3, and i is the attenuation factor = 0.283.
Literature on x-ray usage in dentistry for the years 1930-1950 was particularly limited. Thus, the thyroid doses from full mouth series during 1930-1950 were extrapolated from the 1960s, incorporating historical trends of film speed (Farman and Farman 2000) and filtration (Simon et al. 2014) .
Fluoroscopy
Fluoroscopy examinations have the potential to expose the thyroid substantially if the gland is in or near the radiation imaging field. As with other imaging modalities, the authors used different estimation strategies for different decades depending on the type of information available in the literature.
There was very limited literature on thyroid doses from fluoroscopy procedures conducted before the 1980s. For the time period 1930-1950, it was assumed that temporal trends of dose to the thyroid from fluoroscopy examinations would be similar to the trends for other radiographic exams. Specifically, temporal trends were derived from a study of organ doses from diagnostic medical radiographic examinations (Melo et al. 2016 ) performed in the same anatomical locations as the upper GI series and barium swallow examinations. All ratios were normalized to the 2000-2009 decade and were applied to the fluoroscopic examinations.
For the decades of the 1960s and 1970s, the average difference in gonadal doses was calculated between the decades as reported by the U.S. Department of Health (US Bureau of Radiological Health, Population Exposure Studies Section 1969) and Bengtsson et al. (1978) , and a 6.25% difference was found between the 1960s and the 1970s. Therefore, it was assumed that the thyroid doses between these two time periods would be similar.
For the 1980s, the two most commonly conducted fluoroscopy procedures that would have likely exposed the thyroid gland were the upper GI series and barium swallow (esophagram) (Suleiman et al. 1991) . Thyroid dose data were adopted for the upper GI series in the 1970s from a Swedish study of thyroid, lung, and gonadal doses resulting from diagnostic radiographic examinations including fluoroscopy procedures (Bengtsson et al. 1978) . That study used tube potential (kVp), current-time product (mAs), field size, and beam filtration of radiographic machines in 13 Swedish hospitals from 1973 to 1975 and measured radiation doses at various points on 1,000 patients using lithium fluoride (thermoluminescent) dosimeters (Harshaw Chemical Co., Cleveland, OH). The thyroid dose resulting from upper GI fluoroscopy in the 1980s and 1990s was adopted from a study by Bankvall and Owman (1982) and Suleiman et al. (1991) , which reported thyroid tissue doses from upper GI series. For the thyroid doses in the 2000s from an upper GI series, the authors employed average GI series' time, number of images, tube potential (kVp), current-time product (mAs), and field size from the Nationwide Evaluation of X-Ray Trends (NEXT) survey reports (Conference of Radiation Control Program Directors and United States Food and Drug Administration 1996, 2003) .
For thyroid doses from barium swallow, the authors adapted thyroid doses reported in the 1990s and 2000s from existing literature (Crawley et al. 2004; Ramakrishnan and Padmanabhan 2001) . For the time period 1930-1989, the temporal trends found in diagnostic medical radiographic examinations were applied to these calculations for fluoroscopy examinations using the same method as for the upper GI series.
Computed tomography
Thyroid dose from CT for commonly conducted examination types was estimated including facial bone, head/ brain, cervical spine (neck), chest, heart, abdomen, liver, spleen, kidney, pelvis, gall bladder, pancreas, extremities, abdomen/pelvis, and chest/abdomen pelvis (CAP). The National Cancer Institute dosimetry system for Computed Tomography (NCICT) Bahadori et al. 2015) was used for thyroid dose estimation. NCICT uses organ dose coefficients (mGy mGy
) and organ absorbed dose (mGy) per volumetric Computed Tomography Dose Index (CTDI vol )(mGy), which were calculated from Monte Carlo radiation simulation of a reference CT scanner coupled with a series of computational human phantoms (Lee et al. 2009 ). The thyroid dose coefficients for reference adult male and female individuals were derived for the examination types listed above from scan ranges based on anatomical reference points as defined in the scan protocols used in the National Institutes of Health Clinical Center. Thyroid dose (mGy) was then computed by multiplying the thyroid dose coefficients with CTDI vol values collected from the literature for each time period, as described below.
The authors collected the CTDI vol data needed to estimate the thyroid dose for the time periods of 1970 -1979 , 1980 , 1990 -1999 is the output of CT scanners for either a head or body cylindrical CTDI phantom (16 cm and 32 cm, respectively), as follows. For the period 1970 -1979 , McCullough (McCullough and Payne 1978 McCullough et al. 1976 ) reported maximum surface dose (rad) using thermoluminescent dosimeters (TLD) placed in an 8.5-inch-diameter and 3-inch-thick Plexiglas cylindrical phantom for head scans and a 8 Â 13 inch and 3-inch-thick elliptical phantom for body scans. The location of these "surface dose" measurements was equivalent to that of "peripheral dose" measurements as currently defined. In accordance with a study (McNitt-Gray, 2002 ) that showed that the central dose in the head phantom is equivalent to the surface dose, and the central dose is about the half of the peripheral dose in the body phantom, the weighted CTDI (CTDI w ) was derived by adding two-thirds of the peripheral dose to one-third of the central dose. From that, the CTDI vol was calculated by using a pitch of 1 (McNitt-Gray, 2002) . For the period 1980-1989, the data were adapted from Shope et al. (1982) and McCrohan et al. (1987) . Shope et al. (1982) reported minimum surface dose, central dose, and maximum surface dose using two cylindrical phantoms with diameters of 16 cm and 32 cm. CTDI w was derived from the maximum surface and central doses again by adding two-thirds of peripheral dose to one-third of central dose (McNitt-Gray 2002) . McCrohan et al. (1987) reported the "multiple scan average dose" (MSAD), which is equivalent to the CTDI when pitch is unity (Payne 2005), which was the case for most single-detector CT scanners. For the time period 1990-1999, the data reported by Conway et al. (1992) were employed in the 1990 NEXT survey. That survey reported MSAD measurements from 252 CT scanners using the 16-cm-diameter, 15-cm-long cylindrical phantom coupled with a 10-cm-long pencil ion chamber. The authors also used the data from the 2000 NEXT survey of CT (Stern 2007) , which reported CTDI vol for head and body phantoms.
Nuclear medicine
Nuclear medicine (NM) procedures that involve administration of radioiodine have the greatest potential to deliver high absorbed doses to the thyroid gland since these procedures result in concentration of radioactivity in the gland. The usual way of estimating absorbed dose to the thyroid of a patient from a nuclear medicine procedure is to multiply the administered activity and the relevant dose coefficient. However, many different radiopharmaceuticals have been used over the decades for NM procedures, each giving rise to different thyroid doses. For that reason, for the purpose of this work, weighted average organ doses are provided from nuclear medicine, which is simply the weighted average thyroid dose to all patients who underwent nuclear medicine thyroid examinations. The authors defined the weighting factors to be the relative usage proportions of each radiopharmaceutical (Drozdovitch et al. 2015 ) from individual radiopharmaceuticals as described by Villoing et al. (2017) .
Weighted average estimates of absorbed doses per examination to the thyroid (Villoing et al. 2017 ) among all patients receiving nuclear medicine procedures were calculated as the product of three factors: the percentage of use of a given radiopharmaceutical during a given time period and for a given procedure (Drozdovitch et al. 2015) , the administered activity for this radiopharmaceutical per time period per procedure combination (Drozdovitch et al. 2015) , and the dose coefficients (mGy MBq −1 ) derived from ICRP publications 53, 80 and 106 (ICRP 1987 (ICRP , 1998 (ICRP , 2008 . In the special case of the weighted dose to thyroid, absorbed dose can be derived as follows:
where D k,l is the absorbed dose (mGy) to the thyroid, weighted by the procedure type k, within a year l, due to radiopharmaceutical m. P k,l,m is the proportion of the k procedures conducted in year l with radiopharmaceutical m. A k,l,m is the activity (MBq) for the specified, k, l, and m, and d m is the dose coefficient (mGy MBq
) expressed in absorbed dose per unit administered activity for the specific m.
Weighted average absorbed doses per examination to the thyroid from NM procedures are presented as timeaveraged values within 5-y time periods between 1960 and 2010 and for 17 types of diagnostic NM procedures: blood volume, bone marrow scan, brain scan and brain blood flow, cardiac procedures, GI bleeding and Meckel's scan, hepatobiliary scan, iron metabolism, liver scan, lung ventilation, lung perfusion, pancreas scan, kidney scan, bone scan, thyroid scan, thyroid uptake, and tumor localization.
RESULTS
These results are presented in tables of estimates of organ absorbed dose (mGy) to the thyroid for each type of imaging modality. Table 1 presents the best estimates of the thyroid doses from 17 different radiography examinations during the period 1930-2010 based on technical parameters derived from radiologic technologists' training materials. All doses to the thyroid in recent years are 2.3 mGy or less.
Conventional radiography
Examinations with the thyroid directly in the field to be imaged or near the x-ray field boundary (e.g., cervical spine) clearly resulted in the largest doses, about 2.3 mGy from 2000 to 2009. Doses to the thyroid from these exams have decreased over 20-fold since the 1930s. Examinations where the thyroid may have been partially in the field or near to the field (e.g., neck, ribs, and thoracic-cervical spine) resulted in the next highest doses in recent years, about 1 mGy from 2000 to 2009. Doses from these exams have decreased much less, presumably because the dose is more a function of scatter than direct irradiation.
The temporal trends of decade-averaged typical thyroid doses from five examination types are shown in Fig. 1 . This figure demonstrates the large temporal decrease in thyroid dose from cervical spine radiography where the gland is directly in the field, compared with more modest decreases from exams where the exposure to the gland is more due to scattered radiation.
Mammography
Doses to the thyroid gland from mammography are a result of scattered radiation since the field does not normally include the gland. Present day doses from mammography were estimated to be about 0.1 mGy for 3 cm compressed breast thickness (CBT) to about 0.4 mGy for 8 cm CBT.
Average estimated doses to the thyroid from mammography (Fig. 2) have been relatively constant since the 1980s, though they were about 10-fold greater in the 1960s and 1970s (Table 2a-2c) . Because dose to the thyroid is largely scatter dose, the same technological advances that led to decreases in breast dose from mammography (Thierry-Chef et al. 2012) have resulted in decreases to thyroid dose.
Dental radiography
Present-day dental radiography (without the use of a thyroid shield) results in doses to thyroid of a few hundredths of a mGy to a few tenths of a mGy, depending on the exam type. Similar to mammography, these calculations show that dose to the thyroid from dental radiography has been relatively constant since the 1980s.
Good data on which to base organ dose estimates in the 1930s through the 1950s are extremely sparse, and the few data available result in highly skewed distributions due to occasional large dose estimates reported in the literature. Table 1 . Average thyroid doses (mGy) to typical patients from 16 conventional radiographic procedures from 1930-2009. 1930-1939 1940-1949 1950-1959 1960-1969 1970-1979 1980-1989 1990-1999 2000-2009 FMX dental radiography in the 1930s resulted in the highest thyroid dose from any radiographic procedure in any decade (Table 3) . However, by the 1960s, thyroid dose associated with this procedure was markedly reduced. Overall, bitewing examinations resulted in the smallest doses overall, and by 1970, there was little to no dose to the thyroid from those procedures.
Fluoroscopy
Fluoroscopic procedures result in a very wide range of thyroid doses due to the diversity of the procedures and the wide range of important dose-determining variables; e.g., exposure-time. Dose from upper GI series since the 1980s has ranged from a few tenths of a mGy to about 0.6 mGy, while barium swallow (esophagram) gives doses of 10-22 mGy. Table 4 summarizes the thyroid doses from fluoroscopy examinations.
In decades past, before efficient image intensifiers and other technologies were available, doses for upper GI series were 2-to 10-fold greater, and doses from barium swallows were 10-fold or more greater.
Computed tomography (CT)
CTDI vol data collected from the literature is presented in Table 5a for head and body CTDI phantoms over four decades: the 1970s, 1980s, 1990s, and 2000s . In the most recent decade, CTDI vol values for head and body were about 62 and 17 mGy, respectively. In contrast to other imaging modalities, the authors observed that CTDI vol increased by 200% and 189% for head and body phantoms, respectively, from the 1970s to the 2000s. The increase is consistent with other literature where radiation dose from CT is reported (Smith-Bindman et al. 2012 ; National Council on Radiation Protection and Measurements 2009). The demand for higher resolution images to provide increased diagnostic information has been a factor in the increase in doses.
Tables 5b and 5c present the thyroid dose received by a typical adult male and female for 15 different types of CT examinations in the period 1970-2010. CT of the liver and spleen and CT of the gall bladder and pancreas cover the same field and, therefore, their computed thyroid doses were the same. As with other imaging modalities, the presence of the thyroid gland in the imaging field is the primary determinant of dose to the gland. For example, in the most recent decades, CT imaging of the cervical spine (which includes the gland in the radiation field) results in doses of about 34 mGy for males and females. CT imaging of parts of the body near the thyroid (e.g., the head/brain) result in thyroid doses in recent years of about 0.74 and 0.99 mGy for male and females, respectively. Overall, as is the case for CTDI vol , doses to thyroid have increased in recent years by about twofold since the 1970s.
For the same examination types, thyroid doses to females as compared to males are estimated to be about the same for most examination types. Only for head/brain CT scans are the doses higher in females (up to 50% greater), reflecting different body sizes.
Nuclear medicine
Estimates of weighted average dose per examination to the thyroid from 17 NM procedures in five successive decades are presented in Table 6 . Examinations of the thyroid gland resulted in the largest radiation doses since the gland actively accumulates radioiodine.
As shown in Table 6 and Fig. 3 , absorbed doses to the thyroid from thyroid scans were very high in the early years, about 630 mGy. Thyroid scans (i.e., imaging of the gland) resulted in the largest doses in all time periods. Substantially lower doses were received from thyroid uptake examinations (assessments of physiology without imaging) (Table 6 and Fig. 3 ). Thyroid uptake studies delivered radiation doses to the thyroid of 64 mGy in the early years, remaining nearly constant with a gradual decrease to 48 mGy between 1960 and 1999. While improvements in technology have allowed thyroid doses from thyroid scans to be reduced fivefold over time, imaging of the thyroid still results in exposure greater than all other imaging modalities. Cardiac NM examinations give the next highest thyroid doses (about 9 mGy in recent years), followed by brain scans (about 7 mGy in recent years). Thyroid doses from both procedures have varied considerably over the decades with highest doses received most recently. Changes in doses reflect changes in imaging technology and changes in radiopharmaceuticals used (Villoing et al. 2017) .
Thyroid doses from other nuclear medicine examinations are on the order of a few mGy to a few tenths or hundredths of a mGy. In these cases, dose to the thyroid is presumably a function of uptake of the radiopharmaceutical in structures near the thyroid (e.g., bone, lung, salivary Table 3 . Estimates of average thyroid doses (mGy) from three types of diagnostic dental procedures. 1930-1939 1940-1949 1950-1959 1960-1969 1970-1979 1980-1989 1990-1999 2000-2009 Kircos et al. (1987) , Underhill et al. (1988) , Brand et al. (1989) , Bristow et al. (1989 ) 1990 's: Avendanio et al. (1996 , Cederberg et al. (1997) 2000's: Lambrecht et al. (2004) , Ludlow et al. (2008) Bitewing: 1960's: Richards and Webber (1964 ) 1970 's: Alcox and Jameson (1974 , Lee (1974) 1980's: Kircos et al. (1987) , Brand et al. (1989 ) 1990 's: Velders et al. (1991a , 1991b , Avendanio et al. (1996) 1930-2009. 1930-1939 1940-1949 1950-1959 1960-1969 1970-1979 1980-1989 1990-1999 2000-2009 Upper GI series a 1.8-7.4 (up to 49) glands), the magnitude of the administered activity, the average gamma-ray energy, and the half-time of the radionuclide in the body.
DISCUSSION
Estimated doses to the thyroid were substantial during 1930-1950 for most examinations, particularly for radiographic cervical spine, thoracic-cervical spine and neck, dental full-mouth series, fluoroscopic barium swallow and upper GI series. As expected, a clear downward trend was found of doses to the thyroid over time. Although the authors did not specifically study the possible causes of this trend, the literature review suggests that this trend was due to technological advances and may also have reflected improved safety procedures and overall increased awareness of the potential dangers of medical radiation exposure.
For x-ray imaging modalities, it is clear that the major contributing factor to thyroid dose is whether the thyroid is within or close to the x-ray field. In the case of nuclear medicine procedures, if there is uptake of the radiopharmaceutical by the thyroid or organs near the thyroid, the dose to the thyroid is high. In comparison with the earliest applications of radiation for medical diagnosis, most procedures conducted today result in much smaller radiation doses to a patient's thyroid.
In recent decades, newly developed digital techniques have become dominant in many of these x-ray imaging modalities. While a reduction in the exposure per image can be an advantage to radiation protection of the patient, this may be offset if more images are taken due to the increased convenience of acquiring the images.
Conventional radiography
Cervical spine radiography, which yields the highest thyroid doses throughout the decades, requires an x-ray field that encompasses the thyroid. Cervical spine radiography results in both the highest direct dose to the thyroid and the highest amount of scattered radiation. Other radiographic examinations, such as radiography of the abdomen or pelvis, result in essentially no dose to the thyroid since the x-ray field is distant from the thyroid. Other factors with a direct relationship to thyroid dose include the number of projections (e.g., anterior-posterior, lateral) and currenttime product (mAs). In general, mAs was reduced significantly between the 1930s and 2000s as a result of improvements in materials (film, intensifying screens) and technology. For example, the soft-tissue neck examination in the AP projection had a 10-fold reduction of mAs between 1930 and 2010 (Melo et al. 2016) .
Skull radiography has had the largest reduction of thyroid dose by a factor of over 50 between 1930 and 2009. For those radiographic examinations with the thyroid in or very close to the field, such as radiography of the skull, paranasal sinuses, cervical spine or clavicle, there appear to be three main eras of thyroid radiation dose: between 1930 and 1959, 1960 to 1989, and 1990 to 2009 . Some examination types produced higher doses in a more recent decade than in earlier ones. For example, shoulder radiography resulted in lower doses in the 1930s and 1940s than it did between 1960s and 1970s. While technological advances, in theory, should have decreased the dose, Table 5a . CTDI vol measurements for the head and body CTDI phantoms from 1970s to 2000s collected from the literature. CTDI Phantom 1970 -1979 1980 1990 -1999 2000- 2009   Head  31  35  46  62  Body  9  12  13  17   Table 5b . Estimates of average thyroid dose (mGy) for typical adult male from 15 different CT examination types. 1970-1979 1980-1989 1990-1999 2000-2009 
Mammography
Starting in the 1970s, xeroradiography lowered the amount of radiation exposure to the patient, particularly to the breast, as compared to the film method in use at the time. Over the next two decades, new low-dose techniques and low dose screen-film combinations further reduced radiation exposures (Thierry-Chef et al. 2012) , resulting in the relatively large abandonment of xeroradiography in the U.S. There were also substantial differences within the same decade, depending on the protocol used, as seen in the 1960s when the Egan protocol resulted in up to a fivefold higher breast dose than the Gershon-Cohen protocol, which subsequently also yielded a fivefold higher thyroid dose in the current calculations.
Other factors affecting radiation exposure from mammography include the x-ray target material (i.e., tungsten or molybdenum), beam filtration, breast composition and compressed thickness, exposure time, grid, image receptor, and distances (source-image, source-object, object-image) (Thierry-Chef et al. 2012; National Council on Radiation Protection and Measurements 2004). One other potential factor of thyroid dose is the use of a thyroid collar, but Table 5c . Estimates of average thyroid dose (mGy) for by decade for typical adult females from 15 different CTexaminations. 1970-1979 1980-1989 1990-1999 2000-2009 Table 6 . Estimates of weighted average absorbed dose per examination (mGy) to thyroid, from 17 nuclear medicine procedures. 1960-1969 1970-1979 1980-1989 1990-1999 2000-2009 (Sechopoulos and Hendrick 2012) . It was assumed in this study that the breast composition consisted of 50% fibrograndular tissue and 50% adipose tissue (Thierry-Chef et al. 2012) . While the median CBT is about 5 cm (Thierry-Chef et al. 2012 ), values range from less than 3 cm to more than 8 cm. Larger values of entrance air kerma are required for imaging breasts with larger CBT, resulting in the potential for greater scatter dose to the thyroid. Often, doses to other tissues besides the breast are multiplied by two to account for the two standard views. One limitation in using a multiplication factor of two is the assumption that both mediolateral and craniocaudal views result in equal scatter doses. Some research has shown that lateral views tend to yield higher doses (Young and Burch 2000) . There is also the possibility that some mammography examinations involve more than two views. Screening mammography routinely uses two views per breast, but diagnostic mammography, performed to evaluate a suspected abnormality, often requires additional views.
Dental radiography
There have been many advances in film speed technology throughout the decades. When dental radiography was introduced in 1919, Kodak Regular dental film was used. By 1925, RadiaTized film became more commonly used, reducing the patient dose by 50%. Radiation dose to the patient was reduced to 25% of 1919 values with the introduction of Ultra-Speed film and newer RadiaTized film in the 1940s and 1950s (Farman and Farman 2000) . By 1955, D Ultra-speed film was introduced, and patient dose was just 4% of what it was in 1919 with the Kodak Regular dental film. In the 1980s and 1990s, speed group E films were used commercially, lowering total patient dose to 2% of 1919 values (Farman and Farman 2000) . Most recently, speed group F films were put into practice, and now radiation doses are just 1% of those in 1919 (Farman and Farman 2000) . Thyroid doses from dental x rays today are well below levels from procedures performed in the earliest decades not only due to better films but also to the use of protective collars (Geist and Katz 2002; Iannucci and Howerton 2016) to shield the gland.
Fluoroscopy
The barium swallow examination yielded much higher doses than the upper GI series. The reason for this difference is likely that the barium swallow examination focuses exclusively and in detail on the esophagus and swallowing mechanism. The upper GI series, while it includes examination of the esophagus, focuses on the stomach and duodenum. Barium swallow examinations yield relatively high doses to the thyroid compared to other procedures, but such doses are still almost 15 times lower than they were for doses estimated (by extrapolation) in the earliest decades. Because of the assumption that fluoroscopic temporal trends mimicked that of radiographic trends, the three main dose eras (1930-1959, 1960-1989, 1990-2009) seen in radiography are also seen in estimates of dose for the barium swallow.
Fluoroscopy is an examination in which patient doses, and therefore thyroid doses, are particularly affected by the technique of the fluoroscopist and the complexity of the medical condition. This is evident from the wide ranges in thyroid doses for the upper GI examination seen in Table 4 . Even examinations performed by the same physician can yield a wide range of doses, as these examinations are tailored for individual patients to adequately evaluate any abnormalities that are seen. Data taken from Suleiman et al. (1991) were from procedures conducted by two different physicians; the number of spot radiographs ranged from 10 to 22. Fluoroscopy time can also differ widely. In general, the dose from the fluoroscopy portion of the procedures was higher than the dose from the radiographic portion, but in some cases, even with the same operating physician, the radiographic portion of the examination could yield a higher proportion of total dose. As such, there can be large uncertainties. This is evident when data are included that might sometimes be classified as outlier data.
Computed tomography (CT)
Large thyroid doses were estimated for examinations that included the thyroid in the field, such as the chest/ abdomen/pelvis (CAP) examination, cervical spine (neck), and chest examinations (Fig. 4) . The thyroid gland in females receives slightly greater dose than in males because of smaller body size, which results in less attenuation of the x rays. Since organ dose is proportional to CTDI vol , the thyroid dose follows the same trend as CTDI vol . For example, the thyroid dose from CT of the cervical spine in the 2000s (34 mGy) is twice that in the 1970s (17 mGy).
The rising prominence of automatic exposure control (AEC) has also helped contribute to lower radiation doses (Soderberg and Gunnarsson 2010) . However, the overall radiation dose, even with the use of AEC, still relies on proper patient centering in the gantry (Gudjonsdottir et al. 2009 ).
Nuclear medicine
With respect to radiation dose to the thyroid, two main NM examinations are particularly relevant: thyroid scan (imaging examinations) and thyroid uptake (physiologic studies). In terms of radiation doses, the highest doses to the thyroid were, on average, due to these examinations. For both of those examinations, 131 I-sodium iodide was the main radiopharmaceutical in use before the mid-1960s. The administered activities of this radiopharmaceutical at that time were 1.85 and 0.185 MBq, respectively (Drozdovitch et al. 2015) . Two other radiopharmaceuticals were used after the mid-1960s:
99m Tc-pertechnetate and 123 I-sodium iodide (in the 1970s). The use of 99m Tc-pertechnetate increased rapidly to 62% of thyroid scans by the late 1970s before decreasing to 36% in the late 2000s. Its use remained infrequent for thyroid uptake studies, with a maximum of 11% of use between the mid1970s and late-1980s. Use of 123 I-sodium iodide for thyroid uptake studies gradually increased to 56% by the late 2000s. The administered activities of these three radiopharmaceuticals all increased over time in thyroid scans, whereas they remained constant for 99m Tc-pertechnetate and 123 I-sodium iodide in thyroid uptake studies (and increased by a factor of 1.4 for 131 I-sodium iodide). Tc-pertechnetate with brain scans and brain circulation studies was effective in reducing radiation to the thyroid. NM brain scans, brain circulation studies, and pancreas scans have now been replaced by CT and magnetic resonance imaging (MRI).
Uncertainty and limitations
Because of the uniqueness of each modality and the different limitations of the available data for each, it was not possible to develop and implement a single estimation strategy. Each modality required unique assumptions to estimate typical thyroid doses and trends over time. The dose estimates presented here were derived from many publications, sources of data, and estimation methods. For that reason, the estimates of thyroid dose presented here do not all have the same level of uncertainty associated with them. Uncertainty is difficult to quantitatively determine from many of the historical publications because of lack of relevant information. All dose estimates are presented in this work with a maximum of two significant digits (and sometimes fewer) to reflect the limited state of knowledge. Most important here is the caveat that the presented doses are estimates for typical patients in a given time period and not to any identified individual. The exception to this is for nuclear medicine doses, which are not for typical patients but are weighted average estimates over the different radiopharmaceuticals used for each particular examination type.
There are also attributes of each individual patient that result in uncertainty when considering the applicability of the data presented here. For example, patient size varies and the dose required for a given modality will usually reflect differences in exposure as a consequence of difference in body size. An example is the relationship of patient size and organ mass. Data indicate that persons with a larger body-mass-index (BMI) tended to have a larger thyroid volume (Wesche et al. 1998 ). However, how that might affect the dose can vary. Generally, for radiographic imaging, a larger air kerma is needed to visualize internal structures for larger size patients and can lead to larger doses. On the other hand, a person with a body mass and larger thyroid, but administered a standard radionuclide dosage, might receive a smaller organ dose if the radionuclide were distributed within a larger tissue mass. Such complex issues underscore why the presented doses should be viewed as typical for the examination type but not applicable to individuals.
A significant limitation in the methods used here is that most of the estimates involved some degree of extrapolation. Quantitative uncertainty estimates are very difficult to achieve when extrapolation methods are used because of the absence of the error terms needed for conventional error propagation strategies. Nonetheless, it seems likely that the doses provided here, which again are intended to represent typical exposures, are not in error for individuals by more than twofold in either direction. The error might often be significantly less.
There are few relevant publications for many of these examinations. Because of the need to extrapolate data in this study, assumptions, sometimes for different purposes, had to be made in regard to when and to what degree technological changes were implemented. The actual year when changes in technology would have taken place differed by hospital and medical center. Hence, the temporal trends demonstrated here represent an overall nationwide change but cannot represent any specific medical facility.
CONCLUSION
The dose estimates presented in this study are the result of a comprehensive, international literature search spanning eight decades. Six major imaging modalities were further separated into specific exams commonly performed in each decade with accounting of temporal trends of evolving safety and imaging trends. Significant strengths in this research include an extensive historical and international literature search and review dating back from the early 20th century to the present.
The highest thyroid doses in this analysis came from nuclear medicine thyroid scans (>600 mGy) in the 1960s. Nuclear medicine thyroid scans today still contribute the largest dose received from the examinations investigated. Historical nuclear medicine doses are difficult to summarize because of the changes in technology and radiopharmaceuticals used. For that reason, a weighted average of thyroid doses is presented over all nuclear medicine patients who received thyroid exams that considers the fractional usage of each pharmaceutical available in each time period as presented by Drozdovitch et al. (2015) . In the 21st century, the highest thyroid doses are still from nuclear medicine thyroid scans and uptake examinations (130 and 56 mGy, respectively). Moderately large thyroid doses today are also associated with chest/abdomen/pelvis CT scans (18 and 19 mGy for male and females, respectively). The largest thyroid doses from conventional radiography arise from cervical spine and skull examinations where the gland is clearly in the field to be imaged.
Also of note were high doses to the thyroid from fullmouth series dental radiography (390 mGy) in the early years of the use of x rays in dentistry (1930s). Dentistry today clearly contributes very small doses to the thyroid gland, on the order of a few hundredths of a mGy to a few tenths of a mGy, and can be even lower if protective thyroid collars are used.
Thyroid doses from mammography (which began in the 1960s) were generally estimated to be a fraction of a mGy but depend on the thickness of the breast to be imaged since the entrance air kerma must be greater for larger CBT.
There are considerable uncertainties associated with the presented doses, particularly for the purpose of characterizing exposures of individual identified patients. The dose estimates presented here represent typical exposures (except for weighted average dose from nuclear medicine) and are not intended to represent the dose to any specific patient. Estimates are presented with a maximum of one to two significant digits to reflect the limits in the state-of-knowledge.
The tables provided here are the only comprehensive report on the estimation of typical radiation doses to the thyroid gland from medical diagnostic procedures over eight decades of which the authors are aware. These data are intended as a resource for epidemiologic studies that include exposure to radiation for medical examinations either as the primary or secondary source of exposure to the thyroid gland.
